INTRODUCTION
Since the 1991 launch of second-generation commercial cellular communication in Finland, there has been an ongoing debate on the possible human hazard of exposure to the electromagnetic (EM) waves from mobile handset antennas [ 1] - [9] . Owing to the many new emerging wireless connectivity standards/technologies, there is also a concern about the possible human hazard of exposure to radio frequency (RF) waves from wireless technology used in home and office environments, e.g., digital enhanced cordless telecommunications (DECT), Bluetooth and wireless local area network (WLAN) [10] .
These possible hazards have been evaluated by computing the specific absorption rate (SAR) induced in the human head/body tissues in terms of the peak spatial-average SAR over 1 g (1g SAR) or 10 g (10g SAR) in the head or the averaged SAR in the whole body. The SAR exposure limits are set by different standards in different countries [ 11] - [ 15] . Table 1 lists the SAR limits recommended for nonoccupational users in different countries and regions. Because mobile phone signal jammers actively broadcast radio signals, some countries-e.g., United
States, Canada, Australia, Sweden-have outlawed the manufacture, sale, and/or use of such jammers except by federal law-enforcement agencies and in jails [ 22]- [ 25] . In the United Kingdom, it is illegal to use mobile phone signal jammers; however, they are legal to own, and since the end of 2012, the installation and use of jammers in jails has been legal [ 26] . In spite of this, mobile phone signal jammer devices are available worldwide in electronic markets and used in different applications.
Owing to the abovementioned reasons, and because the safety of mobile phone signal jammers has not been previously assessed, this paper uses the mobile phone safety limits to assess jammer safety, and the 1g SAR results relating to the IEEE/ANSI/FCC standards will be presented. In all cases, the 1g SAR limits are stricter than the 10g SAR limits and the 2100 MHz band have been shown to be 1.88 times stricter than the ICNIRP 10g limits [27] .
No studies in the literature have investigated the possible EM radiation hazard of mobile phone signal jammers. In this paper, an accurate numerical dosimetry of a commercially available CDMA/GSM, DCS/PCS, and 3G signal jammer module working with three antennas is modelled using a finitedifference time-domain (FDTD)-based solver. The three antennas were modelled to work at 900, 1800, and 2100 MHz simultaneously. The portable signal jammer is modelled while facing three different anatomical human body phantoms and positioned at a distance of 120 cm above a 3 × 3 m 2 ground of concrete and soil layers. A high-performance workstation machine with active accelerator hardware was used to achieve high-resolution FDTD gridding.
The remainder of the paper is organized as follows: in Section 2, the numerical approach and computational requirements are described. In Section 3, the numerical models are styled. In Section 4, the FDTD gridding and simulation parameter settings are explained. In Section 5, the SAR due to multiple sources is projected. In Section 6, the numerical results are presented and discussed. Finally, Section 7 concludes the paper.
NUMERICAL APPROACH AND COMPUTATIONAL REQUIREMENT
The FDTD method proposed by Kane Yee in 1966 [ 28] was used in this paper to solve the numerical models. The FDTD method employs finite differences as approximations to both the spatial and temporal derivatives that appear in Maxwell's equations (specifically, Ampere's and Faraday's laws) [29] . 
NUMERICAL MODELS Signal Jammer Numerical Model
The numerical modelling of internal and external antennas for mobile phones with different form factors was investigated in [7] , [33] - [34] . The design and performance parameters presented in [7] were top-loaded with a small cylinder suggested in [ 7] was used to model the jammer's three antennas with a structure shown in Fig. 2 . A matching lumped element of 18.3 nH at 900 MHz and a 5 nH at 2100 MHz were added after the source to tune the antenna. No lumped element was needed to tune the antenna at 1800 MHz. Although these lumped elements showed a degradation of 10-20% in antenna radiation efficiency, the total efficiency and the total isotropic sensitivity (TIS) are within the range of wireless communication [ 7] , [35] . The TIS is a measure of the device's receiver performance. It can be measured in a reverberation chamber with the definition formula given in [36] , but SEMCAD X® has the ability to compute the TIS based on standards set forth by the cellular telephone industries association (CTIA) [37] . Table 2 lists the physical and performance parameters of the jammer's three antennas. Fig. 3 shows the normalized electrical field radiation beam pattern at 900, 1800, and 2100 MHz. The radiation beam patterns at 900, 1800, and 2100 MHz coincide with the patterns of the typical candy-bar mobile phone with the same external antenna type working at the same frequencies and presented in [7] . The nonomnidirectionality and asymmetry shown in the radiation beam patterns depend on the antenna attachment position to the PCB, antenna position with respect to other antennas, and the perfect electrical conductor (PEC) layer with the given dimensions, and they increase as the frequency increases. 
Anatomical Human Body Numerical Models
To investigate the EM wave interaction of the mobile phone signal jammer with a human and to achieve a numerical dosimetry of the jammer exposure, three licensed anatomical human body phantoms available with SPEAG [ 30] were used to simulate the human presence in front of the portable jammer and compute the induced SAR in the body. The three anatomical phantoms are; Eratha, Ella, and Visible
Human (VH). Table 3 lists the specifications of the three phantoms. Their material permittivity and electrical conductivity were set according to the material database available with SEMCAD X®. Fig. 4 shows the three anatomical phantoms with different tissues. 
FDTD-GRID GENERATION AND SIMULATION PARAMETERS
The following three scenarios were considered to achieve the numerical dosimetry of the portable (see Fig. 6 ). In this work, we have made the assumption that 120 cm is the realistic height of the portable jammer above the ground when used as a handheld or a desktop, and the person will not be within 20 cm of the jammer; thus, we have considered only long distances. The numerical computation with SEMCAD X® assumes a steady-state voltage at 900, 1800, and 2100
MHz. A feed point of a 50-Ω voltage source with a 1-mm gap was set for the antenna at 1800 MHz, whereas sources with 0.5-mm gaps and another 0.5-mm gap for the match lumped element were set for antennas at 900 and 2100 MHz. A transient excitation of 20 periods was set as a guarantee to achieve a steady state. The absorbing boundary conditions were set as a uniaxial perfectly matched layer mode with a high strength thickness, where the minimum level of absorption at the outer boundary is >95%. [40] , the maximum step for the background setting was 14 mm in all scenarios and at all frequencies. This setting ensures at least 10 cell per wavelength at 2100
MHz and 23 cell per wavelength at 900 MHz. The idea behind keeping the same gridding maximum step-i.e., 14 mm, at 900, 1800, and 2100 MHz-is to obtain the same number of FDTD cells. This is essential to evaluate the 1g SAR owing to the combined local SAR of the three frequencies [30] . The numerical computations required a minimum processing time of 03:49:00 (hh:mm:ss) and a maximum of 12:41:51. The processing time is mainly dependent on the grid-cell size and frequency. 
SAR DUE TO MULTIPLE SOURCES
where N is the number of points in a period of the combined electric field. The total local combined SAR of three different frequencies at a point is always equal to SAR f1 + SAR f2 + SAR f3 . It was shown in [41] that in the case of two sources, the whole-head averaged SAR will always be SAR f1 + SAR f2 ; therefore, the total heating in the head will increase with multiple sources. This is applicable for the whole-body averaged SAR computation as well.
The maximum combined 1g (10g) SAR occurs when the three independent sources cause a maximum in the same location in the head/torso and will equal 1g (10g) SAR f1 + 1g (10g) SAR f2 + 1g (10g) SAR f3
for the three frequencies. The minimum 1g (10g) SAR is the maximum value of (SAR f1 or SAR f2 or SAR f1 ). In practice, the combined SAR will always be greater than this, because the other frequencies will not produce zero SAR values at the location of highest SAR. The worst scenario we can expect for the total combined averaged spatial peak 1g (10g) SAR is equal to the algebraic sum of the individual peak SAR at each frequency. SEMCAD X® has the ability to calculate the total whole-body averaged SAR and the total 1g (10g) SAR due to the multiple sources. It stores the electric fields at each Yee cell interface at different frequencies. Therefore, the SAR at each point in the body can be calculated in the postprocessing from the individual frequencies. The final step is to then calculate the maximum 1g SAR from the local SAR at each point.
NUMERICAL RESULTS AND DISCUSSION
Although the jammer antenna shows an almost omnidirectional electrical radiation field pattern at 900
MHz, more field intensity was given in the x-direction for the three adopted frequencies. As the worst case, the human phantoms were positioned in the x-direction. The numerical dosimetry includes computation of the following:
1. 1g SAR in the head for the Eratha, Ella, and VH phantoms.
2. 1g SAR in the torso for the Eratha, Ella, and VH phantoms.
3. 1g SAR in the testes for the VH phantom.
4. The whole-body average SAR for the Eratha, Ella, and VH phantoms.
The maximum radiated power by the signal jammer that guarantees safe exposure for the above measurements, in compliance with the IEEE/ANSI/FCC standard limits, was then calculated at different distances from the human body. Table 4 lists the computed 1g SAR in the head and torso as well as the whole-body averaged SAR in the Eratha phantom due to radiation of simultaneous jammer antennas at 900, 1800, and 2100 MHz. The SAR results were normalized to 1 W/antenna (3 W total power), which represents the real maximum transmission power for the device investigated. Table 5 lists the same computations for the Ella phantom, whereas Table 6 lists the computations in addition to the 1g SAR in the testes of the VH phantom. Table 5 . SAR (W/kg) computation results for Ella phantom in front of the portable jammer working at 900, 1800, and 2100 MHz, simultaneously, normalized to 1 W/antenna power. The results in Tables 4, 5 , and 6 reveal the following:
1. The induced 1g SAR in the head and torso as well as the whole-body averaged SAR are inversely dependent on distance. The SAR decreases dramatically as the distance from the jammer increases but is negligible at 200 cm.
2. The induced 1g SAR in the head and torso depends on the head and torso height with respect to the jammer level. The Eratha phantom showed more induced 1g SAR in the head than the Ella and VH phantoms owing to the head position, which is in front of the jammer, and both have almost the same height compared to the other two phantoms. The same scenario is applicable for the torso tissue, where the Ella phantom exhibited greater induced 1g SAR.
3. The induced 1g SAR showed no effect due to phantom size; however, the height differences between the jammer and the heads were important.
4. For distances <100 cm away from the signal jammer, the Eratha phantom showed a larger average SAR over the whole body but smaller values at distances ≥100 cm compared to the Ella and VH phantoms. Table 7 lists the 1g SAR induced in the head and torso as well as the whole-body averaged SAR due to the combined local SAR of the three jammers' antennas at 900, 1800, and 2100 MHz, simultaneously.
The SEMCAD X®-based computed combined 1g SAR and the combined whole-body averaged SAR values coincide with the rules given in section 5 In Table 7 , the percentage level of exposure values, according to the allowable limits of the IEEE/ANSI/FCC standard, were found by dividing the 1g SAR in the head and torso by 1.6 and the whole-body averaged SAR by 0.08.
Based on the results in Table 7 and according to the limits of the IEEE/ANSI/FCC standard given in Table 1, Table 8 shows the maximum allowed radiated power of the jammer device for Eratha, Ella, VH, and general human safe exposure with respect to distance. Table 8 is useful to give an indication of the maximum allowed radiated power of other jammer geometries for safe exposure according to the limits of the IEEE/ANSI/FCC standard. It is obvious that the Eratha phantom was affected more than the other two phantoms by the jammer antenna radiation. It is obvious in Table 8 that using the portable jammer with 3-4 W maximum output power in front of the human body will comply with the safety limits of the IEEE/ANSI/FCC standard, whereas using the desktop jammers with total output power in the range of 60-70 W will comply with safety limits at distances greater than 50 cm. 
CONCLUSION
This paper achieved the numerical dosimetry of a mobile phone signal jammer with high-resolution FDTD gridding. A commercially available portable mobile phone signal jammer working with three antennas and covering the bands CDMA/GSM, DCS/PCS, and 3G was numerically modelled. The peak spatial-average SAR over 1 g induced in the head and torso as well as the whole-body averaged SAR of three anatomical human body phantoms of different ages and genders exposed to the EM jammer radiation were computed at different distances.
Based on the adopted scenarios of the numerical dosimetry, the achieved results revealed that using the portable mobile phone signal jammer is safe and complies with the safety limits of the IEEE/ANSI/FCC standard, whereas a human body at a distance of more than 50 cm will be kept away from the EM hazard of a desktop signal jammer.
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